Monitoring demographic and genetic parameters of reintroduced populations of endangered species is essential for evaluating and informing conservation strategies to maximize the chances of a successful recovery. We applied noninvasive genetic monitoring using fecal DNA to evaluate demographic and genetic parameters as they relate to the recovery of the endangered Columbia Basin pygmy rabbit (Brachylagus idahoensis) in central Washington, United States, during the initial 3 years of a renewed reintroduction effort. We quantified post-release dispersal, apparent survival, and reproduction in the wild, and monitored the genetic diversity and composition of the released cohorts, wild surviving population, and breeding population held in large enclosures. During this study, we reintroduced 1,206 pygmy rabbits into the wild, and detected a total of 176 individuals living on or near the release area during surveys the following winters. Median dispersal distance of juveniles was 776 m, compared to 471 m for adults, and dispersal distances for juveniles decreased for rabbits released later in the release season. Survival of juveniles differed across years and was positively associated with release date, release weight (a surrogate for age), and heterozygosity. Survival of adults was similarly influenced by release day, with some evidence for a positive effect of heterozygosity. Only 14 wild-born individuals were detected during the study. Genetic monitoring was an effective way to evaluate the demographic and genetic status of the reintroduced population within a limited study area, to inform changes to the conservation strategy, and to generate a data set to address long-term research and recovery goals.
Post-release monitoring of individuals reintroduced into the wild is essential for evaluating recovery success and identifying ways for managers to adapt and improve conservation strategies (Sarrazin and Barbault 1996; Seddon 1999; Armstrong and Seddon 2008; Sutherland et al. 2010; Seddon et al. 2014) , and genetic monitoring is a powerful tool in the monitoring toolbox (Schwartz et al. 2007 ). Schwartz et al. (2007) classified the utility of genetic monitoring into 2 categories. The 1st category encompasses the use of molecular markers to identify species and individuals for traditional demographic monitoring (e.g., population size, demographic rates, geographic range). The 2nd category comprises the monitoring of population genetic parameters (e.g., genetic diversity metrics, genetic structure and composition, effective population size) over time. Monitoring genetic parameters in addition to demographic parameters is particularly important for reintroduced populations, which are susceptible to loss of genetic diversity from inbreeding and genetic drift, and associated decreases in fitness (Tallmon et al. 2004; Wisely et al. 2008; Jamieson 2011; Keller et al. 2012; Frankham 2015) . One or multiple source populations, from the wild or captivity, can be used to reintroduce populations, and the genetic composition of the founding and subsequent generations can influence population viability through variation in fitness among the founding groups, maintenance of genetic diversity, and outbreeding depression (Serfass et al. 1998; Marr et al. 2002; Williams and Scribner 2010) . Noninvasive genetic sampling (i.e., gathering DNA from sources that animals leave behind like scat or hair) increases the ability of researchers to collect data from rare, cryptic, or vulnerable species (Waits and Paetkau 2005; Beja-Pereira et al. 2009 ).
Using noninvasive genetic sampling to monitor both demographic and genetic parameters of reintroduced populations has provided valuable insights for the conservation of numerous species, including, but not limited to, brown bears (Ursus arctos-De Barba et al. 2010) , African wild dogs (Lycaon pictus- Spiering et al. 2011) , gray wolves (Canis lupus- Stenglein et al. 2010; Stansbury et al. 2014) , red wolves (Canis rufus- Adams et al. 2007 ), European otters (Lutra lutra- Ferrando et al. 2008) , greater bilbies (Macrotis lagotis- Smith et al. 2009 ), and swift foxes (Vulpes velox-Cullingham and Moehrenschlager 2013 ), but has not been commonly used to monitor small mammal reintroductions.
We used noninvasive genetic sampling to monitor the reintroduction of the pygmy rabbit (Brachylagus idahoensis) in the Columbia Basin (CB) of central Washington, United States. Habitat loss and fragmentation led to the extirpation of the pygmy rabbit, a sagebrush (Artemisia tridentata) obligate, in Washington. Although pygmy rabbits are found in other sagebrush steppe habitats across the Great Basin of the western United States, the Washington population had been isolated from others for approximately 10,000 years (Lyman 1991) , genetic analysis has shown it to be distinct (Federal Register 2003) , and the species is federally listed as an endangered distinct population segment (Federal Register 2003) . In 2001, prior to extirpation, 16 adults were captured from the last known wild population in Washington and brought into captivity to establish a captive breeding population for eventual reintroduction (USFWS 2012). In 2003, 4 pygmy rabbits from Idaho were added to the captive population (20 captive adults at the start of 2003) to counteract inbreeding depression (Elias et al. 2013) . Despite an increase in reproductive output after this genetic rescue, survival of juveniles remained low as immunocompromised offspring (presumably as a result of continued inbreeding) succumbed to disease (primarily mycobacteriosis- Harrenstien et al. 2006) . From 2011 to 2013, the captive breeding program was phased out, and 130 individuals from captivity were moved to large, naturalized field-breeding enclosures within the historic range of the pygmy rabbit in Washington (USFWS 2012) . The enclosure population was augmented by 109 wild pygmy rabbits translocated from Oregon, Nevada, Utah, and Wyoming in 2011-2013 (33 in 2011, 46 in 2012, and 32 in 2014) . These translocations were conducted with the goal of increasing both the genetic diversity and the number of individuals in the breeding population. All rabbits (from captivity and from the wild) could interbreed freely in the enclosures, and thus could produce offspring with ancestries from up to 2 different sources the 1st generation, up to 4 the 2nd generation, and so on. Since 2011, we have undertaken large-scale releases of these mixedancestry pygmy rabbits produced in the breeding enclosures, and monitored the reintroduced population by collecting fecal pellets in the winter for genetic analysis.
In monitoring the demographic and genetic trends of this reintroduced population, we had 3 main goals: to 1) monitor dispersal rates and distances as individuals moved from their release sites, 2) document survival and determine if and how genetic factors (ancestry and genetic diversity) influence post-release survival, a component of fitness, and 3) track the persistence of CB ancestry (a goal of the recovery plan-USFWS 2012) in the enclosures and in the reintroduced population. We expected post-release dispersal patterns to mimic natal dispersal (EstesZumpf and Rachlow 2009), with high rates of dispersal from the release site for juveniles (kits) released at younger ages, and lower rates of dispersal for kits released at older ages as well as for adults. We hypothesized that rabbits released early in the year would settle in suitable habitat closer to their release sites, causing rabbits released later in the year to have to disperse farther to find vacant home ranges (Sievert and Keith 1985) . In terms of post-release fitness, we hypothesized that genetic factors (diversity and ancestry) would influence reproduction (Ruiz-López et al. 2012; Elias et al. 2013 ) more than survival because the primary source of mortality for wild pygmy rabbits is overwhelmingly predation (Estes-Zumpf and Rachlow 2009; Crawford et al. 2010; Price et al. 2010 ), and we expected that such high rates of mortality would mask any signature from genetic factors. Furthermore, the influence of CB ancestry is difficult to anticipate. It could lead to increased fitness as a result of local adaptations or decreased fitness as a consequence of the population bottleneck and inbreeding depression experienced by the CB population in their recent history (Storfer 1999; Marshall and Spalton 2000; Tallmon et al. 2004; Ficetola and De Bernardi 2005; Edmands 2007; Weeks et al. 2011) . While testing for genetic effects, we controlled for effects on survival from release date and age at release. We expected that apparent survival rates would increase for rabbits released later in the year because they were vulnerable to predation for a shorter amount of time before winter surveys. We expected that older kits would have a higher probability of survival because they had more time in the breeding enclosures with ad libitum high-quality food and could have achieved better body condition prior to release than those released at younger ages (Rödel et al. 2004) . Similarly, we expected adults released at heavier weights to display higher post-release survival rates than those released at lighter weights. For our 3rd goal, we monitored the genetic diversity and percent of CB ancestry in the enclosure populations, yearly released cohort, and surviving wild populations to evaluate our genetic management strategy. We expected to see no decline in heterozygosity over the short time span of this study because we translocated new rabbits into the population through 2013, and we expected the percent of CB ancestry in the population to increase as a result of selectively retaining kits with high CB ancestry for future breeding. The results of this study will be informative not only for the future of this recovery effort, but for other reintroductions as well, especially those emphasizing genetic management in addition to demographic recovery.
Materials and Methods
Study area.-This study took place in the CB of central Washington, United States, where temperatures range from an average minimum of −5.9°C in January to an average maximum of 31.6°C in July (WRCC 2015) . The climate is semiarid and averages about 20 cm of annual precipitation, over half of which typically comes from snow (WDFW 2006; WRCC 2015) . The landscape is dominated by "mima mounds," mounded microtopography characterized by deep soils and dense sagebrush, with relatively sparse and low-growing vegetation between mounds. Pygmy rabbits were bred in 4 large (2.2-4.4 ha) predator-resistant enclosures (DeMay et al. 2016 ) spread across the CB, but all releases occurred on the Sagebrush Flat (SBF) Wildlife Area (1,514 ha). The wildlife area was surrounded by a mosaic of sagebrush steppe and dryland wheat fields on state, federal, and private lands. Predators of pygmy rabbits on the site included badgers (Taxidea taxus), long-tailed weasels (Mustela frenata), coyotes (Canis latrans), and several raptor species including great horned owls (Bubo virginianus), short-eared owls (Asio flammeus), northern harriers (Circus cyaneus), and red-tailed hawks (Buteo jamaicensis).
Field methods.-We captured kits from the breeding enclosures and released them into the wild during the 2012-2014 breeding seasons. We captured individuals from natural burrows using Tomahawk live traps (Tomahawk Live Trap Co., Tomahawk, Wisconsin) set in burrow entrances; we set traps facing into occupied burrows, as well as traps facing outwards to capture individuals entering burrows. We captured kits from artificial burrows (buried 10-cm diameter drainage tubing, approximately 1 m long, with entrances at both ends), using a modified plumber snake with a tennis ball on the end to push the kits out into a pillow case. Captures and releases began each year from late April to late May. Pygmy rabbits produce multiple litters in succession until late June or early July, and releases continued after this time until densities were reduced in the enclosures to manage overwintering populations. We focused on releasing kits during 2012 and 2013, and began releasing adults at the end of the breeding season in 2014 to relieve crowding in the enclosures and make room for younger breeders. Because of the difficulty of distinguishing between adults and juveniles by late summer, 8 individuals released in 2013 were later confirmed by genetic analysis to have been adults. Prior to release, we weighed and determined sex of the rabbits, treated them for ectoparasites with Advantage II kitten formula (BayerDVM, Shawnee Mission, Kansas), and collected a tissue sample with a 3-mm biopsy punch in the ear (stored in 95% ethanol and frozen at −20°C until laboratory analysis). After preliminary results indicated that 0 out of 18 kits released in 2013 weighing < 125 g were ever detected surviving, we released only rabbits weighing > 125 g in 2014.
Prior to 2014, the smallest kit released weighed 94 g.
In 2012, we used a single cluster of release sites, 2 clusters were used in 2013, and 6 were used in 2014 (Fig. 1) . Each cluster consisted of 17-37 individual release sites (most had 25 release sites), with each release site on a different mima mound with 2 artificial burrows installed. After a trial of soft release methods (acclimation in small ~8-m diameter enclosures on the release sites prior to release) in 2012 (DeMay et al. 2015) , that method was discontinued, and all subsequent rabbits were hard-released. We provided artificial burrows, auger holes, and supplemental food at hard-release sites. We placed each rabbit inside an artificial burrow (up to 2 rabbits per release site, 1 per burrow, on a given release day), plugged both entrances with burlap, and left them to acclimate to the burrow for approximately 5 min, after which we quietly removed the burlap. We did this to allow individuals to recover from the stress of being transported and increase the probability that kits would stay close to their release sites, as opposed to rapidly dispersing from the wildlife area and failing to establish a breeding population. Each year, we retained approximately 10-20 kits per enclosure that were demonstrated to have relatively high CB ancestry (see "Laboratory methods" and "Analytical methods" below). These individuals were swapped among the enclosures for future breeding and to simulate gene flow and promote retention of the CB genetic signature in the breeding population. These methods were approved by the University of Idaho Animal Care and Use Committee (Protocol 2012-23) , are consistent with standards for use of wild mammals in research established by the American Society of Mammalogists . Pictured is 1 representative location per detected rabbit, although many rabbits were detected at multiple burrow systems. (Sikes 2016) , and were performed in accordance with applicable laws governing the use of endangered species.
Each winter following releases, we conducted surveys on and around the release area to locate active burrows and collect fecal pellets for genetic analysis. Surveys occurred after fresh snow when weather allowed, but the 2013-2014 and 2014-2015 winters had relatively low snowfalls, and surveys often proceeded on bare ground. When snow was present, rabbit tracks, active burrows, and fecal pellets were conspicuous. We comprehensively surveyed on foot along adjacent 50-m-wide belt transects oriented north to south, prioritizing the release sites and areas with active burrows in prior years, and expanding the survey area outward as time and personnel resources allowed (8.9-14.4 km 2 each year). We also surveyed specific drainages with dense sagebrush outside of the contiguous belt transect area. We collected ≥ 4 pellets/sample when possible to ensure an adequate amount of DNA for analysis (Adams et al. 2011) . Fecal samples were stored in paper envelopes and desiccated with silica gel beads until laboratory analysis.
Laboratory methods.-We extracted DNA from tissue samples collected from rabbits in the enclosures using Qiagen DNeasy blood and tissue kits (Qiagen Inc., Valencia, California) following the methods described in DeMay et al. (2015) . Extracted DNA was amplified in duplicate at 19 loci in 3 PCR multiplexes (DeMay et al. 2015) : 19 nuclear microsatellite loci, including 1 Y-chromosome microsatellite used for sex identification. Samples were run on an Applied Biosystems 3130xl Genetic Analyzer (Applied Biosystems Inc., Foster City, California), and results were viewed in Genemapper 3.7 (Applied Biosystems Inc.) and confirmed visually.
We extracted DNA from the surface of fecal pellets collected during winter field surveys using the Qiagen QIAamp DNA stool mini kit (Qiagen Inc., Valencia, California) in a laboratory dedicated to low-quantity DNA samples (Waits and Paetkau 2005) . To confirm species identification during the 2012-2013 and 2013-2014 winter surveys, we amplified a 294-base pair fragment of cytochrome b from the mitochondrial genome in a species ID test designed to distinguish between pygmy rabbits and sympatric cottontail rabbit species (Sylvilagus nuttallii, S. audubonii, S. floridanus- Adams et al. 2011) . Cottontail samples and samples that failed to yield species ID results were excluded from further analysis. Additional testing revealed that cottontail samples did not amplify or produced out-of-bin alleles at many of our microsatellite loci (A12, A124, Sol08, Sat7, Sat8, A140, Sol44), so for the 2014-2015 winter survey analysis we excluded the species ID step as cottontail samples could be successfully excluded using only the nuclear microsatellites (see below).
For samples confirmed as pygmy rabbit pellets, we first amplified 8 loci in 1 PCR multiplex (A12, A124, A140, Sat7, Sat8, Sol08, Sol44, sex ID Y05- DeMay et al. 2015) to match with known individuals and screen out low-quality samples. We ran 2-4 PCR repetitions for each fecal sample in the 1st multiplex of 8 loci, and completed more repetitions as needed to acquire consensus genotypes for ≥ 5 of the microsatellite loci (excluding sex ID) to achieve a probability of identity for siblings (PIDsib-Waits et al. 2001 ) value < 0.01. Samples were excluded from further analysis if one-half of the tested loci did not yield results in the 1st round of amplifications. We required 2 repeats of each allele to confirm a heterozygous genotype and 4 repeats to confirm a homozygous genotype based on pilot work (DeMay et al. 2013) . Fecal samples that did not match a previously sampled rabbit with the initial multiplex were amplified at the remaining loci to generate a complete reference genotype.
Analytical methods.-We genotyped all tissue samples and created a reference database containing genetic and demographic information of all known rabbits in the recovery program. We matched fecal sample genotypes with reference genotypes using GenAlEx 6.5 software Smouse 2006, 2012) . Any pairings with mismatches at 1 or 2 loci were checked further to determine whether human error or allelic dropout could have caused false mismatches. If the only mismatch between 2 samples appeared to be due to allelic dropout, we considered it a match. Genotypes for fecal samples not matching previously sampled rabbits were checked for 95% reliability using RELIOTYPE (Miller et al. 2002) , added to the database as new wild-born individuals, and analyzed for parentage (see below). Locus A124 was used only for identity matching, and not in downstream parentage and population genetic analyses due to a high frequency of null alleles. Genotyping error rates were calculated using the R package ConGenR (Lonsinger and Waits 2015) .
Enclosure-born and wild-born rabbits were analyzed for parentage using a strict exclusion approach in Cervus 3.0 (Marshall et al. 1998; Kalinowski et al. 2007 ). Parentage assignments that matched at all but 1 or 2 loci were checked manually for genotyping errors. A mismatch at a single locus representing a single stepwise mutation was accepted as a match. We calculated percent CB ancestry from unbroken pedigree data going back to the original CB founders of the captive population. The pedigree was maintained throughout the captive breeding program, and afterwards with Cervus parentage results. To determine the effect of CB ancestry on juvenile survival, we used an index, estimated captive ancestry, rather than percent CB ancestry derived from pedigree data. This was necessary because we could not achieve complete sampling of parents in the breeding enclosures (some individuals evaded capture or died in burrows before they could be sampled), and gaps in the pedigree became prominent in later years of the study (DeMay et al. 2016) . Captive ancestry was strongly correlated with (r = 0.97 for individuals with known pedigree) but not equivalent to CB ancestry because 35-84% (mean = 72%) of the genetic makeup each individual from captivity was CB ancestry, with the remaining coming from the Idaho genetic rescue. We estimated captive (CB + Idaho) ancestry using the Bayesian clustering software STRUCTURE 2.3.4 (Pritchard et al. 2000; Falush et al. , 2007 Hubisz et al. 2009 ). Based on results from prior work that grouped the founding pygmy rabbits into 4 genetic clusters (captive, Oregon-Nevada, southern Utah, and northern UtahWyoming-DeMay et al. 2016), we estimated captive ancestry for all released juveniles by performing 500,000 Markov Chain 354 JOURNAL OF MAMMALOGY Monte Carlo runs following a 100,000 run burn-in, with k set at 4 clusters with correlated allele frequencies. Allele frequencies for each genetic cluster were estimated from individuals known by pedigree or capture records to make up the 4 predefined founding clusters, and were used to estimate the percent captive ancestry for all non-founding individuals.
Dispersal.-For each released rabbit detected during winter surveys, we measured the straight-line distance between the release site and active winter burrow. If an individual was detected at multiple burrows during winter surveys, we took the average distance from the release site to all active winter burrows. We considered rabbits "dispersed" from the release site if the dispersal distance exceeded the average maximum diameter of an adult female home range. Lacking home range data for this population, we used the 276-m home range diameter calculated by Estes-Zumpf and Rachlow (2009) for pygmy rabbits in central Idaho for this purpose, and calculated dispersal rate as the percentage of detected individuals that moved > 276 m from their release site. We used 2-sided Fisher's exact tests and Wilcoxon rank-sum tests to assess whether dispersal rates and distances differed between sexes for both juveniles and adults, and used linear regression to examine the effect of timing of release during the year on dispersal distance.
To determine whether post-release dispersal rates were comparable to natal dispersal rates for juvenile pygmy rabbits, we compared dispersal rates for juveniles released at different ages. Because ages were not known, we estimated age using a growth curve constructed using data from pygmy rabbits born and raised in captivity (Elias et al. 2013) . We calculated the dispersal rate (% of rabbits dispersing > 276 m) for kits released at ages of 3-5 weeks, 5-7 weeks, 7-9 weeks, 9-11 weeks, 11-13 weeks, and > 13 weeks. In a study of natal dispersal by pygmy rabbits in Idaho, 95% of dispersing kits had dispersed by 12 weeks of age (Estes-Zumpf and Rachlow 2009).
Apparent survival.-Apparent survival, defined for our purposes as the detection of released pygmy rabbits from fecal DNA collected during winter surveys, was a function of survival, dispersal distance (remaining within the surveyed area), and detection (collecting a fecal sample that yielded a positive identification). We assumed that rabbits missing due to nondetection (failure to locate and collect a sample or failure to obtain a positive individual ID from a sample) were missing at random with respect to our predictor variables. Because we lacked the known-fate or replicate data needed to estimate probability of detection, we performed a preliminary analysis to determine whether we could reasonably make inferences about survival given post-release dispersal patterns. We calculated the density of rabbits detected at increasing distances from release sites. We created 500-m-wide bands around the center point of each cluster of release sites (1 cluster in 2012, 2 clusters in 2013, and 6 clusters in 2014) out to 3,500 m. We calculated densities of rabbits that settled within each circular band by dividing the number of rabbits released at the focal release area that were detected in each distance interval by the area surveyed within each distance interval. We repeated this for each year, and combined the results to obtain the average density within each distance interval.
We evaluated apparent survival for juveniles and adults using logistic regression, with winter survey detection as the binary response variable. We evaluated a priori model sets with Akaike's Information Criteria corrected for small sample size (AICc), log-likelihood values, and model-averaged parameter estimates with 85% confidence intervals (CIs-Arnold 2010) using the R package "multcomp" (Hothorn et al. 2008) . Parameter estimates were averaged across all candidate models that included each given parameter. For apparent survival of adults, explanatory variables included release day (day of the year), sex, homozygosity by loci (HL) calculated using the R package "Rhh" (Alho et al. 2010) , and percent CB ancestry derived from pedigree data (DeMay et al. 2016) . Our candidate set included all 16 possible combinations of these variables, all of which were valid biological hypotheses. Only adults released in 2014 were used for this analysis because only 8 adults were released prior to 2014 in this study, compared to 113 in 2014. To minimize handling stress, released adults were not consistently weighed prior to release, so 40 of 113 released adults had no recorded weight at the time of release. In order to examine the effect of release weight, we compared the top model for adults and the top model plus release weight, both analyzed only for the subset of individuals with recorded release weights.
For apparent survival of juveniles, explanatory variables included release year (categorical, 2012-2014) , release day, release weight, sex, HL, and estimated percent captive ancestry (rather than exact CB ancestry). We selected 2014 as the reference year because it had the highest sample size and because it was the year analyzed in the model set for adults. Our candidate model set included year in each model, and all possible combinations of the remaining variables, for a total set of 34 models.
Genetic characteristics.-We characterized the genetic diversity and amount of CB and captive ancestry each year for the enclosure population, released cohort, and detected wild population. The enclosure population included all individuals born in the enclosures in a given year and all individuals detected as being parents in the enclosures during that year. The released cohort included all individuals released in a year. The detected wild population included all individuals either detected surviving during winter surveys, or not detected directly, but detected the following year as parents of kits produced in the wild and thus known to be alive. We computed H O and unbiased H E using GenAlEx 6.5 Smouse 2006, 2012) , allelic richness using FSTAT 2.9.3 (Goudet 1995) , percent CB ancestry from pedigree data, and percent captive ancestry using STRUCTURE 2.3.4 as described above. We compared the percent CB and captive ancestry between released and surviving populations with 2-sided Wilcoxon rank-sum tests. (Table 1) . During winter, we surveyed 8.9-14.4 km 2 on and around the release area and detected 44-91 individuals from fecal pellet DNA each year (Table 1 ). The probability of identity for siblings was < 0.001 for the 8-locus individual ID multiplex, and < 1.0 × 10 −9 for the full suite of loci, and the molecular sex ID test agreed with sex identification based on morphological features. Individual identification success rates for fecal samples, excluding confirmed cottontail samples (n = 30), varied from 46% during winter 2013-2014 to 78% during winter 2014-2015 (Table 1) . However, success rates from the former survey varied depending on whether they were collected prior to snow (37.5% success) or after it snowed in late January (79% success). This was likely driven by surveyors collecting old degraded samples prior to snow; after snow, old samples were covered and only fresh samples were available for collection. Per-locus rates of allelic dropout ranged from 6.8% to 50.8% and per-locus false allele rates ranged from 0% to 13.4%, for the 1st multiplex that all fecal samples were genotyped with (only new individuals were genotyped with the remaining 2 multiplexes). Similar to the individual identification success rates, the highest error rates occurred during the winter 2013-2014 survey (Supplementary Data SD1). For parentage analyses, the combined non-exclusion probability for the full suite of loci was 8.2 × 10 −14 . Most detected individuals were released within the previous year. For example, after the 2014 releases, we detected 87 individuals released in 2014, and on the edges away from the core release area, we detected 3 wild-born individuals and 1 individual surviving from 2013 releases (Fig. 1) . The total area surveyed differed each year, but a common area of 6.7 km 2 was surveyed every year. Within this common area, we detected 39 individuals, 32 individuals, and 61 individuals during each survey following the 2012-2014 releases, respectively.
We successfully identified both parents for each of the 14 wild-born pygmy rabbits detected on SBF, including 4 born in 2012 from parents released during a small-scale release from captivity in 2011. Two of these wild-born rabbits, both females, reproduced in 2013, producing 2nd-generation wild-born kits. No additional wild-born rabbits were detected reproducing in 2014. Three individuals released in 2012 and 5 individuals released during 2013 were not detected during winter surveys, but were identified the following year as parents of wild-born kits, so were assumed to have been alive but unsampled during the winter immediately after their release. Due to low sample sizes of rabbits breeding in the wild, we were unable to quantitatively evaluate the potential influence of genetic or other factors on reproduction. Over the course of this study, we detected only 4 individuals surviving on the release area for 2 consecutive winter surveys. We detected these individuals during their 2nd winter at active burrows an average distance of 328 m (range 7-540 m) from where they were detected the prior winter.
Pellet samples were in nearly all cases collected from burrow systems associated with mima mounds or steep drainages with deep soils. Each individual was detected at an average of 1.8 different burrow systems, with a maximum of 5 (excluding the 2013-2014 winter survey due to inconsistency in data recording). Of burrow systems where > 1 pellet sample was collected and successfully analyzed (n = 59), we identified 15 burrow systems where 2 individuals were detected, and 1 burrow system where 3 individuals were detected. Within these groupings, none of the individuals were siblings or parent-offspring pairs. Plotting of occupied burrow systems within the common area surveyed each year (n = 230) revealed 6 that were occupied during all 3 winters, 36 that were active during 2 of the 3 winters, and 188 burrow systems that were occupied during only 1 winter.
Dispersal.-The distribution of dispersal distances was right-skewed with fewer rabbits making longer dispersals (median = 776 m for juveniles and 471 m for adults; Fig. 2 ). Post-release dispersal behavior was similar between the sexes for juveniles. Of the 69 juvenile females and 58 juvenile males Table 1 .-Summary data from the release and monitoring of the reintroduction of endangered Columbia Basin pygmy rabbits (Brachylagus idahoensis) in central Washington, United States, from 2012 to 2014. For each year, we report the number of breeding enclosures, when releases occurred, how many rabbits were released, when winter surveys occurred, the area surveyed each winter, individual identification success rates for fecal samples, number of individuals detected during winter surveys, and the number of parents detected contributing to breeding in the wild. for which we measured dispersal distances, 83% of females and 90% of males dispersed > 276 m from their release site, but dispersal rates (Fisher's exact test, P = 0.31) and dispersal distances (Wilcoxon rank-sum test, P = 0.24) between sexes did not differ significantly. In general, average dispersal distances decreased for juveniles released later in the year compared to those released earlier (t 125 = −2.65, P < 0.01; Fig. 3) , with rabbits released early in the season dispersing about 1,500 m on average, and later-released rabbits dispersing about 700 m. This trend did not hold for 2012, when dispersal distances showed no patterns associated with timing of release. Dispersal rates for kits released at varying ages from 3 to > 13 weeks ranged from 67% to 95%, but there was no trend with age, and a 2-tailed Fisher's exact test revealed no difference in dispersal rates across different age groups (P = 0.27). Similarly, we did not detect a trend in distances moved by dispersing kits released at various ages (Supplementary Data SD3).
As expected, adults dispersed less frequently than juveniles (1-sided Fisher's exact test, P = 0.03). For adults, 62% of females (8/13) and 73% of males (8/11) dispersed > 276 m, and dispersal distances did not differ by sex (P = 0.69). Adults were released, on average, later in the year than kits, after they were no longer reproductively active (72% were released in August or later). Considering only kits and adults released in August or later, median dispersal distances of adults and juveniles were similar (464 and 539 m, 1-sided Wilcoxon rank-sum test, P = 0.41).
We found that densities of detected rabbits were highest within 500 m of their release sites (mean 6.8 rabbits per km 2 ), and dropped off rapidly, with no densities exceeding 1 rabbit per km 2 beyond 1.0 km from release sites (Supplementary Data SD2). The rapid tapering of this curve suggested that although we could not detect rabbits that dispersed farther distances beyond the surveyed area, the number of rabbits missed due to long dispersal distances was likely to be small. Although it is possible that a portion of released rabbits dispersed longer distances due to differences in behavior or features of the terrain, we proceeded with apparent survival analyses assuming that the sampled population was representative of the surviving population with respect to our explanatory variables.
Apparent survival.-For rabbits released from 2012 to 2014, apparent survival (winter detections) of released rabbits to the winter following release was 39%, 13%, and 10%. Across all years, apparent survival of juveniles from release to winter surveys averaged 12% (135/1,086), and apparent survival of adults in 2014 was 21% (24/113). Like dispersal, this difference between age groups is inflated because of the difference in release timing for adults and juveniles. Comparing only rabbits released in August or later, apparent survival of adults was 28% (23/83) and apparent survival of juveniles was 23% (35/152), with no significant difference between the age groups (Fisher's exact test, P = 0.43). Apparent survival of juveniles was positively associated with release day, release weight, and genetic diversity ( Fig. 4; Table 2 ; Supplementary Data SD4). Weight and release day were moderately correlated (Pearson's r = 0.575), driven largely by the release of only larger rabbits after the breeding season ended in July. Regardless, the models were able to distinguish significant effects of both variables even when included in models simultaneously. Compared to the reference year of 2014, predicted survival of juveniles was 2.0 times higher in 2013 and 13.1 times higher in 2012. Although sex and percent captive ancestry appeared in the top model set, their addition to the top model did not improve the log-likelihood, and 85% CIs around model-averaged parameter estimates overlapped 0, indicating that these were uninformative parameters (Arnold 2010) . A post hoc investigation of captive ancestry spurred on by our genetic characteristics results (below) revealed a significant negative effect of captive ancestry Apparent survival of adults in the winter following their release was influenced by release day. Of 44 adults released April-August, 3 were detected surviving (7%), while 21 of 45 (47%) adults released September-November were detected. Similar to the models for juveniles, sex and percent CB ancestry were uninformative parameters despite appearing within the top models. Parameter estimates and AICc scores showed weak evidence for a positive effect of genetic diversity on survival of adults. The addition of release weight to the top model for adults did not meaningfully improve the likelihood, and the 85% CI for the parameter estimate overlapped 0.
Genetic characteristics.-We identified no difference in observed and expected heterozygosity values or allelic richness between rabbits released in a given year and those detected surviving during follow-up winter surveys (Table 3) . Percent CB and percent captive ancestry in the surviving winter populations ranged from a maximum of 21.2% and 28.1% (CB and captive, respectively) in 2012 to a minimum of 16.3% and 21.8% in 2014 (Table 3) . Percent CB ancestry in the enclosures ranged from 0% in the 1st year of 1 enclosure to 38.9%, with extreme values becoming more moderate over time in response to management (Supplementary Data SD5). In 2012 and 2014, there was no significant difference in percent CB or captive ancestry between released and apparent surviving rabbits (2-sided Wilcoxon rank-sum tests, 2012: P = 0.64 and 0.66; 2014: P = 0.10 and 0.21, respectively, for CB and captive ancestry). However, in 2013, the surviving wild population had significantly greater CB and captive ancestry than the population that was released (P < 0.001 for both CB and captive ancestry). In 2013, there was, for unknown reasons, disproportionately low survival from a single enclosure (5% of released rabbits from Enclosure 3 detected surviving versus 18-19% from Enclosures 1 and 2; Supplementary Data SD5) with high representation of Wyoming ancestry. Excluding rabbits released from that enclosure in 2013, there was still a moderate increase in CB ancestry between released rabbits and detected surviving rabbits (11.6% CB and 16.2% captive released versus 18.4% CB and 24.2% captive detected, P = 0.08 and P = 0.06, respectively). The rate of detection of rabbits surviving from Enclosure 3 did not remain low the following year (5% to 15% released rabbits detected for all enclosures, 11% for Enclosure 3).
We investigated patterns of survival in 2014 further because of particular characteristics of the release schedule that year. Releases occurred through November in 2014, and winter surveys began in late January 2015, leaving a relatively short period of time for late-released rabbits to be subjected to selection pressures and display differences in fitness. Consequently, we performed the same ancestry comparison (of rabbits released against those detected surviving) for individuals released only from April to August 2014, a time span comparable to the previous years, and P-values decreased to 0.06 and 0.16 for CB and captive ancestry.
discussion
Genetic monitoring is receiving increased focus in conservation biology and wildlife management (Schwartz et al. 2007 ), but has rarely been used for monitoring and adaptive management of small mammal reintroductions. Here, we applied genetic tools to monitor both demographic and genetic parameters of the reintroduced CB pygmy rabbit population. Our 1st goal was to monitor post-release dispersal, and in contrast to our predictions, we observed similar dispersal distances for juveniles and adults, similar dispersal behavior for kits released at varying ages from 3 to > 13 weeks old, and a negative relationship between release date and dispersal distance. For our 2nd goal, we monitored post-release apparent survival, which ranged from 10% to 39%. For juveniles, apparent survival was positively associated with release date and release weight, and for adults, apparent survival was influenced primarily by release date. CB ancestry did not have a consistent effect on survival, suggesting that other factors overpower any potential effects of ancestry, but contrary to our predictions, genetic diversity did influence juvenile apparent survival. Rates of survival for multiple years and reproduction in the wild were low. For our 3rd goal, we tracked the genetic characteristics of the enclosure populations and reintroduced population through time, particularly the amount of CB ancestry, to ensure that we are meeting the recovery plan goal of preserving a genetic signature of the original CB population.
Post-release dispersal.-Most released individuals dispersed from their release sites, and juveniles dispersed more often than adults, although the sample of adults was small relative to juveniles. Post-release dispersal for juveniles did not closely mimic natural natal dispersal behaviors. Although dispersal rates were similar to natal dispersal documented for the species in Idaho, we detected no difference in dispersal rates or distances depending on the age at which juveniles were released, Figures show A) apparent survival of juveniles by release day, B) apparent survival of juveniles by release weight, C) apparent survival of juveniles by homozygosity, and D) apparent survival of adults by release day. Predicted probability plots were generated from the top models for juvenile and adult apparent survival. For the plots of juveniles, the variables not being plotted were held constant at their mean for 2014 (weight = 354 g, release day = 181, corresponding to June 30, and homozygosity = 0.2113). Release day 100 corresponds to April 10, 150 to May 30, 200 to June 14, 250 to September 7, and 300 to October 27. Note different y-axis scales. contrary to our predictions based on the results of Estes-Zumpf and Rachlow (2009). Our results suggest that when kits were held in breeding enclosures past the age at which they would naturally disperse, there was not a natal dispersal drive that came and went, causing them to remain at their release sites. Instead, kits released at different ages displayed similar dispersal behaviors. There is therefore little support for strategically releasing rabbits in Washington at a certain age for the purposes of maximizing either settlement near the release area or expansion of the population's range. Natal dispersal and post-release dispersal are fundamentally different processes. Natal dispersers leave their natal sites voluntarily, while translocated individuals are involuntarily moved to a novel environment with which they have no prior experience. Stamps and Swaisgood (2007) advised that reintroduction and translocation programs are likely to be more successful and animals more likely to accept a new habitat, when animals are released at a life stage comparable to when they would disperse naturally. We found that released juveniles were likely to settle close to their release sites, with few individuals making longer distance dispersals, and that adults dispersed similar distances as kits released at the same time. Rather than rejecting the new habitat and traveling farther distances, as suggested by Stamps and Swaisgood (2007) , the adults remained as close to their release sites as juveniles released at similar times. All released adults (and juveniles) were taken from large naturalized breeding enclosures with habitat similar to the release sites. As a result of their prior experience with the type of habitat at the release sites, adults may have been better able to assess and accept the release area as suitable habitat than if they had been released directly from captivity. In a 2007 pilot release from off-site captive breeding facilities, 9 of 20 released pygmy rabbits dispersed from their release sites with an average dispersal distance of 4.2 km. These relatively far dispersals in 2007 might have been a result of their unfamiliarity with the release area.
Contrary to our predictions, animals released earlier in the year dispersed farther than those released later, indicating that dispersing animals are not filling in nearby available home ranges first and requiring later-released rabbits to disperse farther to find openings. We do not know whether early-released individuals moved long distances in 1 dispersal event, or if they moved in smaller incremental steps throughout the time between releases and surveys. Finer-scale telemetry or GPS data would be needed to determine which process is driving the observed pattern.
Released individuals tended to remain close to the release sites; both juveniles and adults dispersed median distances of < 1 km. However, our measurements of dispersal distances are Table 3 .-Genetic diversity (expected and observed heterozygosity, allelic richness) and ancestry composition (percent Columbia Basin [CB] ancestry, percent estimated captive ancestry) metrics of the released, wild (detected on the release site during winter surveys), and wild parent (reintroduced individuals detected breeding in the wild) populations of pygmy rabbits (Brachylagus idahoensis) released from 2012 to 2014. Wild parents in 2013 and 2014 were released the previous year with the exception of 2 females born in the wild in 2012 that reproduced in 2013. Asterisks denote a significant difference in ancestry between pygmy rabbits released in a given year and those detected during the subsequent winter surveys. Table 2 .-Model-averaged parameter estimates for parameters describing survival of juvenile and adult pygmy rabbits (Brachylagus idahoensis) after reintroduction in central Washington, United States, during 2012-2014. Parameter estimates were averaged across all of the candidate models, with the exception of adult weight (collected for only 65% of released adults; n = 113), which was generated by adding weight to the top model according to AICc. Percent Columbia Basin (CB) ancestry was calculated for adults using pedigree data, but gaps in the pedigree necessitated the use of an index, estimated percent captive ancestry, for juveniles. Bold values indicate parameters with 85% confidence intervals (CIs) that do not overlap zero. AICc = Akaike's Information Criteria corrected for small sample size. , and aerial surveys using fixed-wing aircraft or unmanned aerial vehicles to locate burrow systems that are conspicuous on fresh snow (Linchant et al. 2015) . Survival and reproduction.-Overall apparent survival of released animals until winter surveys was 13% for adults and juveniles combined, with 4 individuals detected surviving > 1 year, and 14 detected kits born in the wild. The average life span of wild pygmy rabbits has been estimated to be 1.7 years (Sanchez 2007) , so they are not a long-lived species. Nonetheless, the low apparent survival and reproduction rates detected in our study indicate that as of 2015, a self-sustaining wild population has not been established and supplemental releases will be necessary for the foreseeable future. With the high number of rabbits released in 2014, and resulting higher number and density of rabbits detected surviving the following winter, surveys during winter 2015-2016 will be particularly important for evaluating whether the wild population size reached some threshold where enough rabbits survived to the breeding season to produce a greater number of kits that could become a viable population.
Apparent survival was largely associated with release date for both juveniles and adults. As animals were released later, there was less time between release and winter surveys in which animals were exposed to predators and other sources of mortality. Crawford et al. (2010) documented peaks in pygmy rabbit mortality coinciding with raptor migrations through the western United States, and avian predators likely have a similar effect on the population in our study during the peak autumn migration from mid-September to mid-October (J. Gallie, Washington Department of Fish and Wildlife, pers. comm.). Dispersal distances were highest for juveniles released earlier in the year, so the observed pattern might be partially confounded with nondetection of long-distance dispersers, although we assume this number is low. For juveniles, predicted survival probabilities increased as a function of release weight, an index of age. Kits that were older at release may have been able to achieve better body condition in the enclosures than those released at younger ages, giving them an advantage in the wild. These results indicate that there are no net detrimental effects on survival of holding kits in the enclosures longer, where acclimatization to humans and a relative (although not absolute) lack of exposure to predators might be expected to decrease survival probabilities of rabbits.
In terms of management, our results suggest that an effective way to increase the number of individuals surviving in the wild until the breeding season in early spring is to release them closer in time to the breeding season. However, this is not a viable release strategy because when hundreds of kits are produced in the enclosures during the spring and summer; they need to be released in a timely manner to avoid overcrowding in the enclosures, which puts stress on the habitat, natural forage, and rabbits in the enclosures and increases the potential for disease outbreaks. The same challenge presents itself when managing by release weight; we documented the biggest increase in survival when release weights reached 500 g, but increased survival of released individuals must be balanced against the logistical challenges of holding rabbits for a longer time period prior to release.
Model results showed no consistent influence of CB ancestry on post-release survival during all years of the study. However, we observed both positive and negative associations of survival with CB ancestry when analyzing each year separately. These patterns could be spurious results, or could be due to different processes dominating in different years. A previous study of the breeding population (DeMay et al. 2016 ) provided evidence of fitness benefits associated with CB ancestry; males with higher CB ancestry had increased reproductive output compared to other ancestries in the breeding enclosures. We did not statistically test for an effect of CB ancestry on breeding in the wild due to low sample sizes of wild breeders, but a cursory examination shows the ancestry of wild breeders to be similar to the ancestry of their release cohort (Table 3) . Our apparent survival results warrant further investigation into any influence of ancestry on survival, and when sample sizes allow, breeding in the wild.
Regardless of ancestry, individual genetic diversity did influence post-release apparent survival (Table 2 ). This result was contrary to our prediction that mortality would be driven by predation, which we expected to be random in terms of the genetic composition of individual animals. The pattern that we detected of increased apparent survival with increased genetic diversity could be explained by an increase in predation on individuals with low genetic diversity, perhaps caused by lower growth rates and body condition making individuals less able to successfully evade predators (Chapman et al. 2009; Luquet et al. 2011; Han et al. 2013; Brambilla et al. 2015) . Alternately, the pattern could be driven by an increase in mortality of individuals with low genetic diversity from other causes. Although predation is the primary cause of mortality in the wild, disease was a major cause of mortality of pygmy rabbits in captivity, exacerbated by low genetic diversity due to inbreeding in the original CB population (USFWS 2012; Elias et al. 2013 ). More intensive known-fate monitoring of individuals would be needed to identify causes of mortality.
A further strength of our study was our ability to track the genetic diversity and ancestry of the enclosure and wild populations over time. Although the recovery population of pygmy rabbits is made up of diverse ancestries, one goal of the federal recovery plan is to retain a signature of the original CB population (USFWS 2012) . We have demonstrated the ability to identify CB ancestry, monitor this value over time in individuals and populations, and selectively manage the breeding population to maximize the contribution of individuals with high CB ancestry. More loci or a genomics approach will be necessary to increase our power to accurately measure low amounts of CB ancestry as it becomes more diluted in future generations; in the present study, the lowest possible amount of captive ancestry was 12.5%, but each generation this value gets halved, and will eventually become impossible to detect with the current tools. We have established that genetic diversity is a driver of survival in the wild, as well as reproduction in the enclosures (DeMay et al. 2016) . By monitoring genetic diversity over time, managers will be able to detect declines in diversity, and assess the need for supplemental translocations of breeders from other states or between reintroduced populations in Washington.
We detected variation in apparent survival among years, with the highest survival in 2012 (39%) compared to 2013 and 2014 (13% and 10%, respectively) . The decrease in survival after the 1st year might be explained by a numerical response of predators to the food source we reintroduced to the landscape (Korpimaki and Norrdahl 1991; O 'Donoghue et al. 1997; Sinclair et al. 1998; Stoddart et al. 2001; Gilg et al. 2006 ), but we lacked data on predator populations to evaluate this hypothesis. Alternately, apparent survival of juvenile pygmy rabbits is highly variable across time and space, and the variation among years in our study could be due to stochastic environmental or demographic processes (Crawford et al. 2010; Price et al. 2010) . A 3-year evaluation of the reintroduction of riparian brush rabbits (Sylvilagus bachmani riparius) similarly detected the highest post-release survival rates during the 1st year following release, and researchers speculated that the pattern could have been driven by predator response, habitat saturation, or differences in release methodology across years (Hamilton et al. 2010) .
The distribution of wild-born rabbits and individuals surviving in the wild > 1 year recorded during the survey following 2014 releases raises the questions of whether continual releases at the same sites within and across years might disturb rabbits already settled at these sites, pushing them away toward areas farther from the release sites. The disturbance and high rabbit densities associated with releases also might decrease reproduction in the wild by increasing stress to breeding females (Myers and Poole 1962; Marchlewska-Koj 1997; DeMay et al. 2016 ). Many studies have compared survival, dispersal, and habitat use of translocated individuals with those of residents (Plummer and Mills 2000; Moehrenschlager and Macdonald 2003; Van Zant and Wooten 2003) or examined the effect of residents on translocated individuals (Sievert and Keith 1985) , but few have examined the effect of translocations on resident populations (Hughes et al. 2003; Hayes et al. 2004; Green et al. 2013) , and those that have produced differing results. This pygmy rabbit reintroduction is further complicated by the fact that rabbits are being released throughout the summer where there are existing "residents" from releases in previous years, and "residents" from releases earlier in the same season. If the present release strategy continues, it will be beneficial to investigate the effect of supplemental releases on both types of residents.
Across animal reintroductions worldwide, several recurrent themes appear as lessons learned from monitoring. Post-release monitoring can provide insights into the effects of pre-release, release, and post-release conditions, and identify ways that recovery strategies can be improved (Soorae 2011 (Soorae , 2013 . Three years into the renewed reintroduction effort for the CB pygmy rabbit, this project was still in its infancy. Genetic monitoring using fecal DNA has been an effective method to gather large amounts of demographic and genetic data at a relatively coarse time scale in a noninvasive manner. In conservation biology, and in endangered species reintroductions in particular, managers often have to make decisions with incomplete information. With long-term demographic and genetic monitoring and targeted research of this and other reintroductions, we can continually evaluate decisions and guide future recovery actions to better meet conservation goals. 
